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Abstract 
During the last decades, the Norwegian method of tunneling has been reviewed and 
continuously updated with the latest information and research results available. Despite the 
effort of making the practice of tunnel construction as efficient and safe as possible, the 
analysis of drill response parameters has not yet become a standard in the field.  
The use of drill parameter response in underground openings and tunnels is a helpful tool in 
assessing information on structural and mineralogical features. When drilling in hard rock 
with rotary percussive drilling, the drill data are in most cases automatically collected, but 
hardly analyzed.   
In this study drill parameters collected in the Løren tunnel, a road tunnel surrounding central 
Oslo, Norway, have been normalized and compared to engineering geological mapping 
collected by on site engineering geologists.  
The normalization process itself has been evaluated regarding the sensitivity and reliability 
of the method and the normalized parameters have been put to test. Results show that 
normalized drill parameters such as penetration rate and torque pressure respond to changing 
rock conditions, but the sensitivity of the normalization process is high and measures has to 
be taken in order to use single drill parameters for rock characterization. Also research of the 
penetration rates dependency to uniaxial compressive strength has been evaluated and a 
relationship has been found.  
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1. Introduction 
1.1 Background 
The Løren tunnel project is a road tunnel part of Oslopakke 2 financed by the Norwegian 
Ministry of Transport and Communication. The tunnel will increase the transport capacity on 
the Ring 3, a highway surrounding central Oslo, and is to be finished during the year 2013 
(Haug et al. 2007).  
The main tunnel line is about 1200 meters, with 915 meters running through rocks 
(Statens_Vegvesen 2009). The two tunnel lines have a spacing of 10 meters, which connects 
in the entrances. Haug et al. (2007) have searched the area above the tunnel for exposed 
bedrock, but there is literally none. The geology is explored by borehole tomography, drill 
cores and seismic refraction techniques. The area above the tunnel line is mostly covered 
with urban settlement and industrial buildings. 
In Norway, the method of tunneling has been developed for road systems with moderate 
traffic density levels. The construction technique has focused on quick and cost effective 
excavation. Drill and blast has been the preferred technique, but also tunnel boring machine 
(TBM) drilling has been used.  
Accidents and insecurity during construction and post construction in tunnel projects, as in 
the Hanekleiva and Romerikeporten in example, has weakened the confidence and reputation 
of the Norwegian method of tunneling.  
This thesis is a part of the project “Tunnel Stability: Documentation and verification, DP2: 
Verification of rock mass quality for tunnel support needs” at the Norwegian Geotechnical 
Institute. The goal for the project is to further develop the methods of the Norwegian 
tunneling method by developing and verifying procedures for project planning, equipment 
and technology so that potential zones of weakness can be identified before or during 
construction.  
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The thesis is based upon drill parameters and engineering geological mapping collected in 
the Løren tunnel during 2009 and 2010. The drill rigs at the site automatically collect the 
drill parameters, and the engineering geological mapping is collected by on site engineering 
geologists.  
 
 
1.2 Drill Monitoring 
The process of drill monitoring has been available for the past decades as a tool designed for 
assessing information about geological features ahead the rock face in tunnel and mining 
practice, but has not yet become a standard in the industry (Schunnesson 1998). Actors in the 
tunneling industry are now working together on establishing a standard, IREDES. IREDES’ 
goal is to standardize information exchange interface for rock excavation and mining 
equipment, so that computers and machinery can “talk” together without the help from 
individual software. Through the IREDES program, the process of drill monitoring can be 
even more accessible in the future. 
The basis of drill monitoring is to understand the response drill parameters show upon 
drilling. Geological features as rock hardness and fracturing affect the drill parameters with 
it’s own “signature”. However the most important parameters are highly dependent upon 
each other and one respond to changes in another. To successfully interpret geological 
features from drill parameter data, normalization of dependent parameters for other 
influential parameters are essential. However, normalization of drill data is highly dependent 
upon the trends in the data.  
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1.3 Problem definition and objectives 
The main objectives in this are as follows: 
•   The effect on the results due to normalization with respect to borehole length and 
influential parameters: It will be analyzed how sensitive the results is to how this 
normalization is performed. 
• Identify geological boundaries and zones of weakness through Tunnel Manager 
MWD and verify these through comparison of engineering geological maps.   
•  How well does the borehole parameters correlate with mechanical rock properties 
obtained from core drillings? 
 
  16
2. Theoretical Background 
2.1 Geological setting 
The Løren tunnel is situated north of Oslo city center, and the area is typical for the geology 
in the Oslo region, with mostly Cambro-Silurian sedimentary rocks, intruded with Permian 
igneous dykes dated to approximately 260-280 million years ago (Haug et al. 2007). 
 
Figure 2.1. Geology in the Oslo region with tunnel position (modified from NGU 2010). 
 
During the rifting episodes in the Carboniferous and Permian, 310 to 241 millions years ago, 
volcanic rocks intruded and covered most of the Cambro-Silurian sedimentary rocks in the 
region (Larsen et al. 2007). Later glaciations has removed parts of the covering volcanic 
rocks, and exposed the sedimentary rocks. Statens Vegvesen has drilled four core samples 
and 11 thin sections that are characteristic and important for the rock types have been 
examined with microscope and show a composition and mineralogy representative for the 
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Oslo region (Haug et al. 2007). The rocks observed in the core samples were clay shale, 
nodular limestone, dark shale, syenite, maenite, rhombic porphyry and diabase. 
The sedimentary rocks are part of the “Elnes” formation dated back to Ordovician, 490 to 
443 million years ago. Parts of the tunnel will also cross through sections of the “Vollen” 
formation, which are somewhat coarser and contain more sand than the “Elnes” formation.  
There are micas in all of the sedimentary rocks, but it is only in the dark shale that the micas 
are abundant enough and have a foliation axis that influences the strength of the rock.  
During the Caledonian orogeny the Scandian contraction created South-East directed fold 
axis (Andersen 1998), but there are local variations that show folding in N40-60°E (Haug et 
al. 2007). 
The faulting that has occurred in the area shows zones of crushed rock in 1-3 centimeter thin 
planes with dip and strike equal to the folding axis. There are several deep-grooves in the 
area with large amounts of loose soil, the rock qualities under these trenches are assumed to 
be of much lower quality than in the rest of the area. Epidote fillings in cracks represents 
zones of weakness, and are usually developed from fault zones.  
In general there are little clay in the core drillings, but it is assumed that there are more zones 
of swell clay in the area than discovered form the core drilling (Haug et al. 2007). 
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2.2 The drill rig 
A typical rotary percussive drill usually consists of five main operating parts. A drill 
hammer, a shank adapter, a drifter rod, a drifter feed and a drill bit. The hydraulic drill 
hammer generates rotation and impact rate. The shank adapter connects the drifter rod to the 
drill hammer, and ensures maximum energy transmission. The drifter rod connects the drill 
bit and the shank adapter. The drifter feed that ensures the bit to have rock contact on each 
blow impact, and finally the drill bit that penetrates the rock through impacts generated by 
the drill hammer.  
 
Figure 2.2 Drawing of typical percussive top-hammer drill (from Thuro 1997) 
The top-hammer drill is used in most tunnel applications, and in contrast to in-the-hole drill 
hammers, the percussion and rotation is generated in the drill hammer outside the borehole, 
and not in the drill bit (Jimeno et al. 1995).  
In large underground openings, as tunnels or caverns, the drill hammer is in most cases 
mounted on a drill rig. The drill rig is usually a wheel or belt driven machine that can carry 
one or more drill hammers. The drill rig also has a control unit where an operator can adjust, 
monitor and control the drilling process. 
During drilling, a flushing medium is also applied to remove crushed rock debris in the 
bottom of the hole. The flushing medium is usually water or air, and is forced through the 
drill bit during the entire drilling process. The flushing medium does not only help on 
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removing crushed rock in the bottom of the hole, but also works as a lubricant between the 
drill rods and the rock walls in the borehole. 
Compared to rotary drilling, where the turning action (rotation speed and pressure) leads to 
penetration, the percussive drilling relies mostly on the crushing of rock (Schunnesson 
1997). For every blow, the drill bit is turned around and the next blow will impact a new 
fragment of rock. The rotary percussion borehole drilling technique is also much more rapid, 
and has shown results 3 to 10 times faster than rotary core drilling (Honer and Sherrell 
1977). Due to the rapidness, the time-cost is much more favorable in rotary percussive 
drilling and due to the time saved many more holes can be drilled. The fact that the rotary 
percussive boreholes itself are parts of the construction work (as blast holes, grouting holes 
and rock anchoring holes), strengthen the advantages.  
(Jimeno et al. 1995) also sums up the main advantages: 
• It can be applied to any type of rock. 
• It supports a wide range of borehole diameters. 
• It is versatile and adapts well to different operations and is very mobile. 
• It requires only one operator. 
• It is easy to maintain. 
• Low capital cost. 
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2.3 Parameters and drillability 
2.3.1 Earlier research  
The fact that different types of rock, respond differently on drilling has been known for quite 
some time (Howarth and Rowlands 1987, Hoseinie et al. 2007 and references therein). Drill 
monitoring is based on the conception of the relationship between drill parameters and rock 
characteristics. Drill monitoring has been extensively studied by many scientists (e.g. Honer 
and Sherrell 1977, Howard et al. 1986, Schunnesson 1997), but is still not a standard 
technique in the rock industry. The essence of drill monitoring is to explore the in situ rock 
characteristics of a rock mass, and extract useful information from automatically collected 
borehole data.  
The drillability of rocks are mainly dependent upon operational variables and rock 
characteristics (Kahraman et al. 2003). Operational variables are all parameters that can be 
controlled by an operator, such as rotation speed, thrust, blow frequency and flushing. Rabia 
(1985) concluded that the drilling strength is expected to correlate well to the compressive 
and impact strength of the rock. The drilling strength or drillability is a measure of how far 
the drill bit can penetrate the rock in a given time period.  
In most modern drill rigs, microprocessor units, which ensures high penetration rate, controls 
operational variables automatically and ensures low bit wear throughout the borehole, 
however raw data are always disturbed by the influence of the operator, who adjusts the drill 
settings to achieve the best drilling result (Schunnesson 1997).  
Schunnesson (1998) states that there is a great potential in using drill monitoring data from 
percussive drilling to characterize rock, because of the inexpensive and frequent technique 
used in both mining and construction industries. He also states that the raw data are collected 
in digital form, and is therefore fast to interpret on an ordinary computer and could also be an 
integrated part in the decision process in for example a tunnel operation.  
Throughout the years, many automated drill monitor systems have been developed. A system 
called ADM (Automated Drill Monitor), developed by Solroc Inc. Montreal (Scoble et al. 
1989) records and process drill parameters so that a precise definition of zones of changing 
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rock properties at depth in a borehole can be found. The ADM system can be mounted on 
any kind of drill rig, both percussion and rotary. Yue, Lee et al. (2003) developed a drill 
process monitor (DPM) that also can be integrated on every type of drill rig. It can 
automatically, objectively and continuously measure and record drilling parameters in real 
time, but it does not include a processing unit that can interpret and visualize rock 
characteristics from the drilling parameters. Atlas Copco has developed a program, Tunnel 
Manager MWD, which follows the IREDES standard. Tunnel Manager MWD can interpret 
drill parameters collected from drill rigs, and display 3-dimensional calculations of all drill 
parameters and also rock hardness and fracturing. 
2.3.2 Drill parameters 
When rotary percussive drilling in rock, the parameters collected are essential for 
interpreting the in situ rock conditions through drill monitoring. Various parameters can be 
collected and calculated, but during drilling, according to Schunnesson (1997), the most 
important and most regularly collected parameters are: 
• Time at which data is sampled (h-m-s) 
• Drill hole depth (distance) 
• Penetration rate (distance/time) 
• Thrust (feed pressure)(bar or kN) 
• Torque pressure (bar) 
• Percussive pressure (bar) 
• Rotation speed (RPM) 
Additionally there are more parameters that can be collected from the drill rig: 
• Water pressure (bar) 
• Water flow (liters/minute) 
The files generated by the drill rigs are usually in the form *.MWD. MWD is an abbreviation 
for Measurement While Drilling, and the term originates from the oil industry.  
The parameters can be divided into two groups: One group for dependent parameters and one 
group for independent parameters. The independent parameters, also called operational 
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variables, are parameters that can be directly controlled by the operator, such as e.g. feed 
thrust, rotation pressure and percussion pressure. The dependent parameters however, are 
dependent both upon the other parameters and the geological features of the rock. The two 
most important parameters for rock characterization are the penetration rate and the torque 
pressure (Schunnesson 1998), which are both dependent parameters. The normalized 
penetration rate is a good indicator for rock hardness and torque pressure for fracturing. The 
torque pressure is dependent on hole-length, as the friction between the drill rod and the rock 
wall inside the borehole increases as the borehole length increases. Also the torque pressure 
is dependent on the penetration rate, and therefore it is hard to separate hole length 
dependent torque from penetration rate dependent torque.  
In their work, Howarth and Rowlands (1987), Thuro (1997) and Kaharaman et al. (2003) 
have done research on drillability, and found several geological parameters that influence the 
penetration rate. Thuro (1997) mentions four of the most important: anisotropy – the 
orientation of discontinuities related to the direction of testing and drilling, the spacing of 
discontinuities, the mineral composition, and the pore volume. 
Different test methods, as the Brazilian tensile strength and Schmidt hammer value have 
shown strong correlation with penetration rate (Kahraman et al. 2003). Unconfined 
compressive strength is the most frequently used strength test for rocks, but it still has it 
disadvantages; it is not simple to perform properly and results can vary by a factor of more 
than two as procedures are varied (Goodman 1989). Tsoutrelis (1969) found that the rate of 
penetration from a hard metal drill bit, correlates with the compressive strength of the rock, 
however it should be mentioned that this test was done only by rotational drilling. Kahraman 
et al (2003) also conducted drillability tests that confirmed that the uniaxial compressive 
strength and penetration rate was well correlated. They also confirmed that the point load 
index correlate to the penetration rate. The above confirm the statement that the penetration 
rate and torque increase when rock hardness decrease (Sinkala 1991). 
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2.4 Tunnel Manager MWD 
Tunnel Manager MWD is a program developed by Atlas Copco AB. It is a tool for planning, 
administration and evaluation of drill parameters and drilling operation in tunnel and mining 
industry. From collected MWD files, holes can be viewed in 3D, single parameters can be 
shown as graphs and mapping of tunnel line can be calculated for both hardness and 
fracturing.  
Tunnel Manager MWD is built for Microsoft Windows and can generate reports in .doc 
formats. It is in general a helpful tool for the planning process, and especially the calculated 
hardness and fracturing tool can be valuable to production planning and safety measures. 
The hardness and fracturing algorithm is based upon the theory of Schunnesson (1996, 
1998), and does supposedly show good correlation with uniaxial compressive strength and 
RQD. The software can be modified for calibration of rock hardness and fracturing along 
with site-specific normalization with C++ programming language.  
Tunnel Manager MWD is not a substitute for engineering geological mapping, but is a 
supplement tool for assessing more information during excavation and planning.  
 
2.5 Normalization of borehole parameters 
When drilling in hard rock, as stated in section 2.3, various responses can be recorded: the 
properties of the rock itself, variations caused by the changes in rock condition, and other 
variations caused by the drill rig itself (Schunnesson 1998). Every drilling machine has it’s 
own “signature”, a typical variation or pattern in borehole parameters, that has to be removed 
from the raw data before an analysis can be done.  During tunnel construction with the drill 
and blast method, large amounts of drill parameter data are recorded, and by using averages, 
based on these data, unsystematic variation caused by variations in rock conditions is evened 
out, while the systematic variation from the drill rig itself remains (Schunnesson 1998). The 
systematic variations are mostly dependent on the borehole length. This pattern from the drill 
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rig then has to be identified, so that it can be removed from every dataset/hole. Then the 
analysis will only be based on drill data variation caused by variations in the mechanical 
properties of the rock.  
There are different paths to detect the systematic variations caused by the rig. Most drill 
parameters are dependent on each other as described in section 2.3.2, meaning for example 
that the torque is both dependent on the penetration rate, feed thrust and the borehole length.  
To normalize the data for borehole length dependent variation, Schunnesson (1998) suggest 
a quite straight forward step by step method. All borehole data are collected, averaged and 
plotted. A regression line is calculated, and the gradient of the regression line is then the 
basis that the normalization for borehole length is built on. In other words, the gradient of the 
trend line is withdrawn from every dataset. In this way all drilling is assumed at zero depth. 
To ensure that the process of normalization is good enough for detecting variations in rock 
conditions, there has to be a sufficiently large amount of drill response data, so that the 
variations caused by the drill system remains, and can be withdrawn. Following the 
normalization of variations for borehole depth, normalization of penetration rate and torque 
pressure for feed pressure dependent variation are conducted, and finally by removing the 
influence of penetration rate on the torque pressure. 
The regression line for penetration rate would in general show a declining trend over 
borehole depth. This declining trend is a combination of numerous reasons. Schunnesson 
(1998) describes some of the most significant factors that affect the penetration rate for top-
hammer drills: 
• The drill string joints in top hammer drills will absorb some of the incident stress 
wave energy. 
• The flushing efficiency decreases as the borehole length increases. 
• Bit wear 
The borehole length, or whether the hole is drilled upwards or downwards also affects the 
variation of feed thrust. When increasing number of drill rods, the weight of the entire 
system increases, and a following a change of feed thrust, required to compensate for the 
gravitational force can be seen (Schunnesson 1998).  
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However as the penetration rate usually show a declining trend, the torque pressure, which is 
dependent on the feed thrust and the penetration rate, can show either an inclining or 
declining trend depending on the rock conditions and borehole length. The reason for this, is 
according to Schunnesson (1998) two contradictory phenomena: Due to the reduction in 
penetration rate with increasing borehole length, the torque required to rotate the bit will 
decrease, but on the other hand the torque will also increase because of the increased friction 
between the drill rods and the walls of the hole. Furthermore the variation of torque is also 
due to the increase or decrease of feed. 
2.6 Rock Quality Designation and the Q-method 
The Q-method is a system for classifying the stability of rock masses in tunnels and caverns.  
The Q-method is based on six parameters and the Q-value can be calculated for any rock 
mass (Løset et al. 1997).  Q-value range from 0.001 for exceptionally poor rock and up to 
1000 for exceptionally good rock. The Q-value obtained, is related to different types and 
level of permanent support. 
Equation 2.1 
 
The six parameters used in the Q-method are: 
• RQD – Rock Quality Designation 
• Jn – Joint set number 
• Jr  - Joint roughness number 
• Ja – Joint alteration number 
• Jw – Joint water reduction factor 
• SRF – Stress reduction factor 
These parameters can be obtained through geological field mapping, mapping in tunnels and 
mapping of drill cores. There have been discussions regarding the accuracy of using RQD 
numbers in the Q system (Palmstrom and Broch 2006). The RQD is measured from drill core 
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samples, and can therefore, if main joint direction is parallel or near parallel to the drill 
direction, give RQD values that not are in correlation with the true rock characteristics. 
Palmstrom and Broch (2006) suggest therefore applying RQD with great care.  
2.7 RQD Prediction in drill monitoring 
At Glødberget, a railway tunnel in Sweden, RQD predictions has been made by Schunnesson 
(1996) upon collected drill parameters. RQD values are usually mapped only each 5 to 15 
meters, and therefore the drill parameters has to be averaged over the same section as the 
RQD mapping to achieve correct values. The RQD prediction was based upon penetration 
rate, penetration rate variation, torque pressure, torque pressure variation, and in addition, the 
absolute value of each parameter.  
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3. Methodology and datasets 
3.1 Drill data in the Løren tunnel 
The drill data and the engineering geological mapping has been collected by automatic drill 
rigs or engineering geologist at the site. The mechanical rock properties in Table 3.1 are 
collected by Haug et al (2007) from four drill core samples. The collected engineering 
geologic mapping data used in this thesis range from chainage 1300 to chainage 1500 in 
tunnel-line A and from chainage 1280 to chainage 1540 in tunnel-line B and can be found in 
Appendix. The MWD data range is from chainage 1300 to chainage 1531 in A and chainage 
1285 to chainage 1521 in B.  
The excavation of the tunnel started from Northwest, and thus the drill direction is from high 
to low chainage numbers.   
Table 3.1 The mechanical properties of different rock types found in drill cores in the Løren tunnel. 
(modified from Haug et al. 2007) 
 
As the rock types in the Løren tunnel area, consists of sedimentary rocks with intruding 
igneous dykes, the boundaries between the two main rock types are quite obvious both 
visually and mechanically. Scoble et al. (1989) stated that monitored drilling techniques are 
most successfully implemented in geological areas where there is a defined contrast between 
rock types in terms of strength and lithology. According to their statement, the geological 
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boundaries in the Løren tunnel should be fairly easy to interpret cause of the natural 
boundaries between the igneous intrusive and the sedimentary rocks. As seen in Table 3.1 
the mechanical properties between the two main rock types (sedimentary and igneous) differ 
considerably in terms of rock strength. The boundaries between the different sedimentary 
rocks, are not that big, and the boundaries between those, might be harder to detect from the 
drill monitoring data. 
3.2 Drill equipment in the Løren tunnel 
Atlas Copco AB supplies the drill equipment in the Løren tunnel. The drill rig is of the type 
Boomer XE3 that has three booms with the COP 3038 rock drill. 
The COP 3038 is a 30kW hydraulic rock drill developed for face drilling in the tunnel 
industry. The borehole diameter range is from 43 to 64 mm, and the maximum drilling rate is 
about seven meters per minute.  
 
3.3 Visual verification of Tunnel Manager models 
Tunnel Manager MWD has the ability to produce models of all included drill parameters and 
also models of rock hardness and fracturing. The calculated parameters rock hardness and 
fracturing in Tunnel Manager MWD, are not site specific calibrated, but instead calibrated by 
using data gathered from many projects.  
To map geological features over tunnel length, two datasets are needed. First the MWD data 
files which contains the drill parameter values, and second the tunnel line coordinates so that 
the MWD data are placed at the right position.  
The models are draped over a theoretical tunnel line and some distortion between the 
excavated tunnel and the theoretical may exist. Also the calculated models, or mapped tunnel 
lines, does rely on correct settings. The settings adjust the dimensions of the tunnel, as height 
and radius, but also adjust the level of influence each borehole has on the next nearby hole. 
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The settings also include options to set plane thickness, which is the thickness of the 
projected plane.  
In order to get a good visualization of the wanted features it is important to set the color 
scaling to the right intervals. One can choose both the interval and the color of choice. If 
these settings are not adjusted correctly, one could easily miss important geological features, 
especially in hardness. E.g. the shale and the syenite, where the latest has a UCS almost five-
folded the shale, could be interpreted as same rock if color scaling is incorrectly set. In 
general, the visual verification of the Tunnel Manager constructed models is highly 
dependent upon the color-scaling interval.  
Since the software is not calibrated for any specific type of rock, one interval of hardness or 
color may include many different types of rock.  
3.4 Program for calculated average 
As the borehole data consist of thousands of data files, and therefore would be very time 
consuming if averages were to be calculated by hand, a program has been written to manage 
the large datasets. The programming language is Python, which is a free open source 
language, and it can be run on Windows, OS X and Unix/Linux. The term “reading number” 
(RN) is used throughout the thesis and is a dimensionless value connected to the sampling 
frequency of the data. 
The way the program works is pretty simple and can be summarized as following: 
1. The program itself is placed in the folder where the raw data is situated, and is 
launched 
2. It gathers all of the variables in the desired column (the desired column can be 
changed by modifying the script) 
3. It generates an average of all the variables chosen 
4. Finally, the averages are written to a text file along with the number of calculations 
used in each reading to calculate the average.  
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The program does not calculate the average for every borehole length, instead it use the 
number of the reading. This means that it can be somewhat sensitive if there is not enough 
data, but in usual, the readings are so close that in a long run, and with a sufficient amount of 
data this will be averaged out. As there are two columns of data, the first is the averaged data 
and the second is the number of data (n) the averages are based on. The entire program can 
be found in Appendix II. 
3.5 Normalization process for borehole depth 
As mentioned in section 2.3.2 the borehole depth affects the dependent parameters. To 
remove this variation from the dependent parameters a trend calculated from the averaged 
data is used. The trend represents the variation over borehole depth.  
The average of the collected drill data are sorted regarding borehole type: injection-holes or 
blast-holes. The Python program is then set for the desired parameter to be averaged.  
The result of the calculation are then plotted and inspected visually.  
In order to get a representative regression line, data from the beginning of the hole will most 
likely have to be removed. When the selection of data is chosen, a regression line can be 
calculated. The difference between the regression line and the regression line’s average is the 
variation to be removed (Figure 3.1).  
 
Figure 3.1. Demonstration of how the regression line is modified for borehole depth 
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3.6 Normalization process for feed thrust 
During drilling the feed thrust ensures that the drill bit is in contact with the bottom of the 
borehole so that a forward motion, or a rate of penetration, is generated. Following this, the 
penetration rate and torque pressure will be highly dependent upon this parameter. The way 
to remove the variation of feed thrust on penetration rate and torque pressure is proceeded in 
the same way as the depth normalization, but instead of plotting against borehole depth, the 
penetration rate and torque pressure are plotted against feed. It is although important to 
remember that all the parameters have to be normalized for depth variation before 
normalization for feed thrust is done.  
3.7 Normalization process for penetration rate dependent 
torque and torque dependent penetration rate 
As mentioned in section 2.3.2, the penetration rate is dependent upon the torque and vice 
versa. In order to use the torque pressure as a parameter for rock characterization, the 
variations caused by the penetration rate has to be removed. However this relation is usually 
not linear as the torque pressure can be high at low penetration levels, and at high penetration 
rates where the torque pressure show a decrease (Schunnesson 1998, Liu and Yin 2001). To 
normalize the torque pressure for penetration rate, the data has to be plotted and a regression 
line chosen from the parts of the plot where there are linearity between the two parameters. 
The same procedure has to be done to the penetration rate (removal of the effect of torque 
pressure). 
Both the torque pressure and the penetration rate have to be normalized for both borehole 
depth and feed thrust in order to perform this normalization.  
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3.8 Inspection of normalized parameters 
The inspection of normalized borehole parameters will done by visual comparing of these to 
the hardness and fracturing mapping in Tunnel Manager and the engineering geological 
mapping. Changes in trends, variability and identification of peaks will be the main factors to 
be looked for. Zones with both good and bad correlation will be subjected to analysis so that 
eventual weakness of the normalizing process can be identified.  
3.9 Test of rock hardness vs penetration rate 
As earlier test of the relationship between UCS and penetration rate has been conducted and 
correlation has been concluded (Kahraman et al. 2003), an investigation of the rock types and 
penetration rate in the tunnel will be emphasized. The python program will be used to 
generate averages of the penetration rate on selected rocks, and the averages will be 
compared to the UCS (Table 3.1) collected by the preliminary studies conducted by Haug et 
al. (2007). 
The selected rocks are: shale, nodular limestone and syenite. The reason for selecting these 
three rock types are because they are abundant and the thickness of the rock structures can be 
larger than the average blast hole drill length. It is predicted that the syenite will show the 
lowest average penetration rate as it has the highest UCS and the two sedimentary rocks will 
be much closer in terms of penetration rate.  
Because of the changing geology in the tunnel, injection holes will in most cases intersect 
more than one rock type, and thus will not be used for generating penetration rate averages 
that can be related to UCS. 
It is used raw data in this analysis, because an average of entire datasets are calculated and 
normalization would not alter the data to a certain degree as the normalization is based upon 
variances from the average value of the regression line.  
The chosen penetration rate data consist of following: 
Syenite: chainage A1360 to A1370 and chainage B1375 to B1385 
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Nodular limestone: chainage A1375 to A1385 and chainage B1410 to B1430 
Shale: chainage A1445 to A1470, chainage A1505 to A1540, chainage B1450 to B1465 and 
chainage B1480 to B1510 
The drill data used in the process range from reading number 50 to 200. This process will be 
not as sensitive towards trends as the normalization process for dependent parameters, as the 
average values are used.   
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4. Results 
4.1 The normalization process 
4.1.1 Normalization for borehole depth 
As described in section 3.5 the normalization process is based upon the regression lines 
calculated from the data obtained from the python program (Appendix II). Following 
Schunnessons (1998) paper “Rock characterization using percussive drilling”, the parameters 
undergoing normalization are penetration rate, torque pressure and feed thrust. 
 
Figure 4.1. Calculated averages from injection holes (left), and blast holes (right). Data outside the red lines 
are ignored in the regression calculation. 
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In Figure 4.1 penetration rate, torque pressure and feed thrust averages are plotted for 
injection and blast holes. It is the values between the red lines that the regression is 
calculated upon. Two thresholds are chosen for each parameter and borehole type. The low 
threshold is based upon where the graphs flatten out which represents the average reading 
number where the drill hammer has reached the maximum value, and the high threshold is 
based upon the reading number where the number of calculated averages decrease rapidly or 
scattering of average is seen in plots. For injection holes this threshold is located at reading 
number 883 where the number of averages drop below 300. For blast holes the threshold is 
located at reading number 194 where the thrust and torque pressure plots start to decline. 
 
Figure 4.2. Modified averages with regression. 
In Figure 4.2 the modified averages are plotted with regression line. The regression line for 
penetration rates from both borehole types show a negative trend over borehole depth. 
The two torque pressure plots show both positive trends. The feed thrust plot for injection 
holes show a negative trend, while the feed thrust for blast hole show a negative trend.  The 
  36
regression lines are calculated by least squares regression, so that the squared distance 
between the data points and the line is minimized.  
Table 4.1. Equations for regression lines in Figure 4.2. 
 
The data presented in Table 4.1 is the equations for the regression lines in Figure 4.2. RN is 
an abbreviation for reading number, PR for penetration rate, TP for torque pressure and FP 
for feed pressure (feed thrust).  
The regression line is subtracted from the respective datasets by finding the difference 
between the regression line and the average value of the regression line. This difference is 
then subtracted from the dataset. The result is parameters normalized for borehole depth, and 
the calculations can be found in Appendix II.  
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4.1.2 Normalization for feed thrust 
 
Figure 4.3. Averaged penetration rate and torque pressure plotted against feed thrust for injection holes 
(left) and blast holes (right). The parameters are normalized for borehole length. Blue lines are locally 
weighted scatterplot smoothing (LOWESS) fit for the averaged data, and the red dotted lines the linear 
regression lines. 
In Figure 4.3 the penetration rate and torque pressure from injection holes are plotted against 
feed thrust. The plots are presented as LOWESS to easier get an understanding of the 
correlation between the parameters. All plots show an increase in penetration rate and torque 
pressure for increasing feed thrust.  
 
Table 4.2 Equations for regression lines in Figure 4.3. 
 
The normalization of penetration rate and torque pressure for feed thrust is based upon 
equations in Table 4.2. The normalization is done in the same procedure as for borehole 
depth normalization. The calculations can be found in Appendix II. 
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4.1.3 Normalization of torque and penetration rate 
 
Figure 4.4. Regression lines for torque pressure and penetration rate. All parameters are normalized for 
borehole depth variation and feed thrust variation. Left side injection holes, right side blast holes. The blue 
line represent a LOWESS fit of the data and the red dotted lines represent the linear regression. 
The plots in Figure 4.4 show the correlation between torque pressure and penetration rate. 
Both parameters are plotted against each other so that a regression line can be calculated for 
each dependent variable. In order to get a trend line representative for the dependency 
between the two parameters (chapter 3.7), penetration rate above 42,9 dm/min and torque 
pressure below 80,4 bar have been removed from the blast borehole data. In injection 
borehole data penetration rates above 28,5 dm/min have been removed. 
Table 4.3. Equations for regression lines in Figure 4.4. 
 
The equations for the regression lines calculated from Figure 4.4 are shown in Table 4.3 
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4.1.4 Sample of normalized borehole data 
 
 
Figure 4.5. Raw and normalized torque pressure from chainage A1442 injection hole 46. The data are 
modified with floating average for easier comparision. 
In Figure 4.5 the torque pressure and penetration rate are normalized for depth, feed thrust 
and penetration rate/torque pressure. At shallow borehole depths, the torque pressure is 
highly underestimated in the raw data. The central parts of the borehole are not that much 
affected, but at high borehole depths the raw torque pressure is fairly overestimated. After 
normalization the data has undergone a floating average modification to smoothen out the 
data. The floating average is based upon the eight following values. 
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4.2 Geomechanical interpretation 
4.2.1 Chainage A1386 
 
Figure 4.6. Loaction of boreholes -53 and -49. Section from chainage A1386 
The injection boreholes in chainage A1386 starts out at a boundary between black-shale and 
nodular limestone. The limestone continues for about 14 meters before the syenite intrusive 
is seen. The shape of the syenite is not uniform over the tunnel chainage and the different 
boreholes will not reach the syenite at the same depth. Because of the shape of the syenite it 
is hard to tell the direction of it, and thus where the boreholes will intercept. One would 
predict lower penetration rates and torque pressures in the syenite versus the limestone. 
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Figure 4.7. Normalized torque pressure and penetration rate for chainage A1386 holes -49 and -53 
In general the penetration rates from both boreholes show a decrease over borehole length in 
Figure 4.7. Borehole -53 has a marked shift in both penetration rate and torque pressure over 
the interval 5 to 10 meters depth. The parameters in borehole -49 show less variation than 
borehole -53 except from the first readings. At approximately 3 meters depth the penetration 
rate in borehole -49 peaks. In the same interval there is a slight reduction in torque pressure. 
After the peak in penetration rate a reduction can be seen. This reduction in penetration rate 
coincides with an increase in torque pressure. Further, both parameters show low variation 
until torque pressure rises at approximately 19 meters borehole depth. In this section the 
penetration rate slightly decrease. 
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Figure 4.8. Calculated fracturing and hardness mapping (left), and calculated fracturing and hardness in 
boreholes (right) from chainage A1386. All images and parameters generated by Tunnel Manager. 
In Figure 4.8 a zone of softer rock is mapped at the beginning of the chainage. This softer 
rock could be interpreted as the nodular limestone, but from the engineering geological 
mapping it is found that the rock type extend to almost 15 meters in thickness. This does not 
correlate well to the mapping done by Tunnel Manager. It is also hard to see the border 
between the syenite and the nodular limestone from the Tunnel Manager generated images. 
In general the level of fracturing is high in the entire section.  
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4.2.2 Chainage A1442 
 
Figure 4.9. Location of boreholes 46 and -58. Section from chainage A1442. 
In tunnel section from chainage A1442 the main rock type is shale and limestone. The 
borehole runs through a zone of weakness thicker than 1 meter and two syenite dykes with 
thickness of 2 to 4 meter.  
In the zones of weakness one would expect an increase in torque pressure levels and 
variation in penetration rates, and where the drill bit crosses syenite dykes, a reduction in 
both penetration rate and torque pressure (Schunnesson 1998). Since the direction of the 
injection holes are tilted upwards, and the direction of the dykes and weakness zone are not 
vertical, the drill bits probably reached the zones somewhat earlier than seen in Figure 4.9. 
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Figure 4.10. Normalized penetration rate and torque pressure for chainage A1442 holes 46 and -58 
 
In Figure 4.10 the two boreholes are plotted for torque pressure and penetration rate. In 
overall the penetration rates seem to be at pretty much same level, except for around depth 
10 to 15 meters where the penetration rate decreases. The penetration rate for borehole -58 
peaks around 7 meters depth. This peak might reflect the second fracture if looking in 
borehole direction. The peak registered around 9 meters hole depth for penetration rate hole 
46 might also be one of these fractures. However it is hard to tell which of the fractures that 
are recorded. In the engineering geological mapping there are marked two fractures, but both 
penetration rates only show one peak in this interval. For the torque pressures, peaks are 
registered at the same locations as the penetration rates, but the torque pressure for borehole 
46 also has a marked negative peak immediately before the positive peak.  
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At hole depth 10 to 15 meters, the penetration rate for hole -58 decreases over to intervals 
about two and three meters thick. In the same intervals the torque pressure also increases. 
The reduction in penetration rate and torque pressure values might indicate a zone of 
fracture. However there are not marked any fractures in this area. 
In borehole 46, from borehole depth of about 10 meters to 15 meters, the penetration rate is 
generally lower than in other parts of the borehole.  
 
Figure 4.11. Calculated fracturing and hardness mapping (left), and calculated fracturing and hardness in 
boreholes (right) in chainage A1442. All images and parameters generated by Tunnel Manager. 
From Figure 4.11 we can see the contours of the syenite dyke in both the holes and mapping 
for hardness. This is seen as a blue/green arched belt crossing the section. However the 
fracture zone is not reflected in the fracturing mapping or fracturing holes, but instead the 
softer parts discovered by the hardness mapping may be a result of the fracture zone. 
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4.2.3 Chainage A1453 
 
Figure 4.12. Location of boreholes -17 and -14. Section from chainage A1453. 
Section number A1453 consists of the same rock types as section A1442 and will be 
expected to reflect some of the same structures. However there is a fracture zone located only 
a meter from drill start at the middle of the hanging wall. This zone might be hard to spot if 
the drilling still is in its start up procedure. The drill bits for both holes will reach the fracture 
zone and the fractures earlier than the intercept that is shown in Figure 4.12. There are also 
mapped a syenite dyke at the end of borehole -14 where changes in parameters would be 
expected. 
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Figure 4.13. Normalized penetration rate and torque pressure from chainage A1453, holes -14 and -17 
In Figure 4.13 the penetration rate and torque pressure for hole -14 and -17 in chainage 
A1453 are plotted. The torque pressure in borehole -17 shows a general increasing trend over 
borehole depth, while the trend in borehole -14 is subtler. The penetration rates in borehole -
17 show a decreasing trend with low variability over borehole length, while borehole -14 has 
larger variability. 
The peak in penetration rate for borehole -17 at 12 meters borehole depth is followed up with 
a negative peak in torque pressure. Between approximately 16 and 18 meters borehole depth 
the torque pressure show low values. At approximately 18 to 19 meters borehole depth the 
penetration rate increase while the torque pressure decrease. The peak in torque pressure 
located at 20 meters borehole depth is followed up with a negative peak in penetration rate.  
In borehole -14 at around 4 meters depth, the penetration rate decreases drastically. At the 
edge of this decrease a peak in torque pressure is seen. At 9 meters borehole depth, a peak in 
torque pressure and penetration rate can be seen. The penetration rate and torque pressure 
also has a peak around 12 meters borehole depth. Between 4 and 15 meters borehole depth 
the penetration rate shows a positive trend while the torque pressure show a decreasing trend. 
At 16 meters borehole depth a negative peak is recorded in penetration rate, at the same 
borehole depth a positive peak is recorded in torque pressure. From 18 meters borehole depth 
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penetration rate shows a decreasing trend for the rest of the borehole. Torque pressure in the 
interval show a slight increasing trend. 
 
Figure 4.14. Calculated fracturing and hardness mapping (left), and calculated fracturing and hardness in 
boreholes (left) from chainage A1453. All images and parameters generated by Tunnel Manager. 
From Figure 4.14 it is hard to see a clear resemblance with the engineering geological 
mapping. Very hard rock is registered in the beginning of the chainage, but according to the 
engineering geological mapping there is no evidence for harder rock except for at the end of 
the section where the drill bits may intersect a syenite dyke. The blue area in the hanging 
wall in the end of the chainage might reflect the syenite dyke. From looking at the images in 
Figure 4.14, it seems like the boreholes on the left side of the chainage are registering softer 
rock than the boreholes on the right side. In general the chainage seems to be heavy fractured 
except from one area at the right side of the beginning of the boreholes. 
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4.2.4 Chainage B1378 
 
Figure 4.15. Location of boreholes -20 and -17. Section from chainage B1378. 
Figure 4.15 show the location of boreholes -20 and -17 in chainage B1378. The boreholes 
start in syenite and continue into shale/claystone at approximately 6 meters borehole depth. 
Since the positioning of the holes are close together, and the boundaries between the two 
rock types are at the same depth for both holes, there are expected that the parameters for the 
different holes will correlate well to each other.  
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Figure 4.16. Normalized torque pressure and penetration rate for chainage B1378, holes -20 and -17 
As seen in Figure 4.16, and as predicted, the plotted values do show resemblances. In general 
both torque pressure plots show a decreasing trend the first 5 meters borehole depth before 
the values increases. The general increase continues until approximately 10 meters borehole 
depth. At 15 meters borehole depth borehole -20 show an increasing trend in torque pressure, 
while the same interval in borehole -17 show a horizontal trend. The penetration rates for 
both boreholes show a negative trend from roughly 5 meters borehole depth until 
approximately 10 meters borehole depth. From borehole depth 10 meters and on, the general 
trend is positive for both holes.  
In borehole -20, a negative peak in penetration rate is recorded at 6 meters borehole depth. At 
the same borehole depth, a positive peak is found in torque pressure. The highest torque 
pressure for borehole -20 coincides with the lowest penetration rate value (last reading in 
borehole neglected), and can be seen around borehole depth 9 meters. In borehole -17, at 
borehole depth around 3 meters a positive peak in penetration rate is recorded and a negative 
peak in torque pressure. The negative peak in torque pressure is not as distinctive as the 
positive one in penetration rate. At 11 meters borehole depth, the torque pressure shows a 
near vertical positive shift (from negative peak to positive peak), in penetration rate this is 
reflected by an opposite structure (from positive peak to negative peak). The negative peak in 
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torque pressure at 15,5 meters borehole depth is recorded as a positive peak in penetration 
rate. 
 
Figure 4.17. Calculated fracturing and hardness mapping (left), and calculated fracturing and hardness in 
boreholes (left) from chainage B1378. All images and parameters generated by Tunnel Manager. 
From looking at the images in Figure 4.17 the shape of the syenite can be recognized both in 
the mapped hardness and the mapped fracturing. In this figure, as well as in Figure 4.11, 
Figure 4.8 and Figure 4.14 there are mapped zones of very hard rock at shallow borehole 
depths. From the engineering geological mapping we can see that there is not mapped any 
rock that is harder than the syenite in this area. And from looking at the above mentioned 
figures we can see that in general the syenite is mapped as green and light blue, not dark blue 
and purple. 
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4.2.5 Chainage B1476 
 
Figure 4.18. Location of boreholes -15 and 28. Section from chainage B1476. 
Boreholes -15 and 28 are running through clay-shale during the entire drilling operation. 
They cross a zone of fractures after only a few meters. The fractures are expected to affect 
the parameters with a lot of variability; sudden peaks in both torque pressure and penetration 
rate. The deeper parts of the boreholes are expected to show less variation, thus no fractures 
or other geological features are mapped.  
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Figure 4.19. Normalized torque pressure and penetration rate from chainage B1476, holes -15 and 28. 
As predicted from the engineering geological mapping, the penetration rates and torque 
pressures in boreholes -15 and 28 show close to horizontal trends (Figure 4.19). The 
variation in torque pressures and penetration rates in borehole -15 are fairly low in the range 
of 5 bar for torque pressure and 10 dm/min for penetration rate, except from the last 5 meters 
of the borehole where the variation is larger. At approximately 19 meters borehole depth a 
negative peak is recorded in torque pressure and a positive peak in penetration rate for 
borehole -15. At approximately 21 meters borehole depth the same response in parameters 
are recorded. In borehole 28 there are five positive peaks in torque pressure with 
approximately 3,3 meters between them. The first one is around 6 meters borehole depth. 
Five negative peaks are recorded in the penetration rate, with the same locations as the peaks 
in torque pressure. Around 21 and 23 meters borehole depth in borehole 28, it is recorded 
two negative peaks in torque pressure. In the same interval of penetration rates two positive 
peaks are registered.  
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Figure 4.20. Calculated fracturing and hardness mapping (left), and calculated fracturing and hardness in 
boreholes (right) from chainage B1476. All images and parameters generated by Tunnel Manager. 
The hardness mapping image in Figure 4.20 show a field of very hard rock in the centre of 
the hanging wall at the beginning of the borehole. Compared to the engineering geological 
mapping in Figure 4.18 it is hard to find evidence for this type of rock. The fracturing in the 
same area is marked as almost solid rock. The tendency of areas with harder rock early in the 
boreholes, which is seen in other sections mapped for hardness, are also seen here. In general 
the left side of the chainage seems like softer than the right side. 
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4.3 Tested rock hardness vs Penetration rate 
From Table 3.1 we get both the UCS and Is50 strength of the different rocks found in the 
drill core samples. Theory of Kahraman et al. (2003) supports that the penetration rate 
correlates with the unconfined compressive strength.  
Table 4.4. Average penetration rate normalized for depth and UCS for syenite, limestone and shale 
 
In Table 4.4 the calculated averages of penetration rate and UCS of the rocks are shown. It 
seems clear that there are some relation between penetration rate and UCS as the values for 
syenite show that it is harder and has a lower average penetration rate. The relation of high 
UCS and low penetration rate is not reflected by the data from the shale and the nodular 
limestone. Here the penetration rate of the shale is lower than the penetration rate for nodular 
limestone, and the UCS is higher for the limestone than for the shale. The calculated 
averages can be found in Appendix II. 
 
Figure 4.21. Average blast borehole penetration rates for shale, limestone and syenite. Data are normalized 
for borehole depth. 
In Figure 4.21 the averaged penetration rate for the three selected rock types are presented. 
The average penetration rate for shale and limestone differ with about 1 dm/min, while the 
average penetration rate for syenite is around 8 dm/min lower than limestone.  
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5. Discussion 
5.1 The normalization process 
5.1.1 General sensitiveness of normalization process 
As the normalization of borehole depth is based upon a regression analysis of averaged data 
it is clear that the amount of data has an important role on the validity of the normalization. 
In order to detect variations caused by other factors than geological structures, large datasets 
has to be averaged. The geology encountered in this thesis consists of different type of rocks, 
both sedimentary and igneous, crushed rock and fracture zones. The total amount of drill 
parameter data used to calculate regression lines is approximately 3000 injection boreholes 
and 10000 blast boreholes. However, these amounts of drill parameter data only reflect 440 
meters of excavated tunnel in changing rock conditions. In Figure 4.1 and Figure 4.2, the 
difference between the injection boreholes and the blast boreholes are significant. While the 
blast borehole averages seem smooth (Figure 4.2) the injection borehole averages are more 
jagged. The jagged surface of the averaged injection boreholes would smoothen out if the 
amount of data was larger, and thus generate a trend more true to the machine affected 
signature and minimizing the effect from the varying geology. 
5.1.2 Normalization for borehole depth 
The averaged drill parameters plotted in Figure 4.1 show the distribution of data over 
borehole depth. To be sure that the regression line is chosen from data that reflects a general 
trend over borehole depth, it is important that the right amount of data is chosen. At the 
beginning of each borehole, the drill hammer does not drill at highest possible values. The 
result of the “soft” start will be a steep positive trend for the first meters of each borehole for 
penetration rate and feed thrust. These data are not representative for the general trends of the 
datasets, and has been removed in order to get a regression line that is representative for 
drilling parameters versus depth. However it could be discussed if another type of regression 
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fit could be assigned. The fit of a nonlinear regression could also be considered. But in 
general, the fact that the operator controlled parameters increase in the beginning of the 
borehole, somewhat hide the dependent parameters reflecting the geology.  
To choose the low threshold, heuristic rules have been used. The threshold is chosen at the 
point where the increase of drill parameters stalls. A way to empirically choose a threshold 
could be to inspect the log from the control unit of the drill rig (Pers. com. Wetlesen, T. may 
2010).  
The high thresholds for injection boreholes are chosen at the point where the number of data 
that the calculated averages are based upon falls under a certain value (chapter 4.1.1). As the 
number of data used for the calculated average drops, the plotted averaged line increase in 
variation. This is clearly visible at the end of the plots in Figure 4.1. At the very last end of 
the average plots, the average is based upon only a few values, and thus the trend from 
machine settings are more abundant. However, heuristic rules are used here as well, and 
especially for the blast boreholes where the generated average plots extend to reading 
numbers higher than predicted.  
During the last stage of this thesis, the python program was reprogrammed to write the 
number of values generated for the average.  These data can be plotted against reading 
number to choose the correct threshold. This is seen in Figure 5.1 where a significant change 
in averaged data occurs at the average borehole length. 
 
Figure 5.1. Number of averaged data plotted against reading number. Red lines indicate the where the 
threshold should be placed regarding amount of data. 
The threshold chosen for injection boreholes in Figure 4.1 differ substantially, but would 
unlikely change the calculated regression line much. The threshold for blast boreholes seems 
more in place as the pre-chosen threshold not differ significantly from the one in Figure 5.1. 
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5.1.3 Normalization for feed thrust 
The feed thrust highly affects the penetration rate and torque pressure (Schunnesson 1998). 
Normalization of penetration rate and torque pressure for feed thrust is therefore essential in 
order to obtain changes in geology instead of changes in feed thrust. One would predict an 
increase in both drilling parameters over increased feed thrust except at very high feed 
thrusts where the rotation of the drill bit will stall followed by a decrease in penetration rate.  
The plots in Figure 4.3 show a LOWESS smoothing of the correlation between the 
parameters and the linear regression line. The majority of data is found around feed thrusts 
over 60 bar for injection boreholes and over 80 bar for blast boreholes. This is supported in 
Figure 4.1. As the majority of the data is found with low variation at high feed thrusts, 
outliers easily affect the calculated regression lines. However the data show good correlation 
values above 0,91 for all both penetration rate and torque pressures for both borehole types. 
At shallow borehole depth thrust seems to be the parameter affecting torque pressure and 
penetration rate. It could be discussed if the data from the first meters of the borehole should 
be taken into account for normalizing for feed thrust. A possibility here would be to perform 
a separate normalization for shallow borehole depth for feed thrust.  
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5.1.4 Normalization for torque and penetration rate 
The majority of the data show a fairly good correlation to each other except at high 
penetration rates and low torque pressures. In section 4.1.3 the data removed in order to get a 
valid trend line that represents the relationship between the two parameters as suggested by 
Schunnesson (Schunnesson 1998), has been described. 
 
 
Figure 5.2. Scatterplot of torque pressure and penetration rate with marked threshold. All data are 
normalized for borehole depth and feed thrust 
The data that has been removed as explained above are the data outside the red lines in 
Figure 5.2. The reduction of the dataset has major affects on the regression lines. From the 
plot it seems clear that the torque pressure show greater variability than the penetration rate. 
It can be discussed if the removal of data should have been done to a greater extent, 
especially for penetration rates above 39,3 dm/min for blast holes.  
5.2 Discussion of geomechanical interpretation results 
5.2.1 Chainage A1386 
In borehole -53 (Figure 4.7) the torque pressure increases from approximately 5 to 10 meters 
borehole depth, before it suddenly decreases and stabilizes at around 90 bar. The penetration 
rate starts out fairly horizontal with a sudden decrease at 5 meters borehole depth. The low 
values of penetration rate lasts until borehole depth of 10 meters. A high torque pressure 
combined with low penetration rate could be a predicted response from a fracture zone or 
  60
lower rock hardness, but from the engineering geological mapping there is no such structure 
mapped in this area. Both torque pressure and penetration rate for both boreholes show low 
amount of variation after borehole depth of approximately 10 meters. In the Tunnel Manager 
generated mapping (Figure 4.8) a zone of softer rock is indicated at approximately 5 meters 
borehole depth, which correlates well to the distances in the boreholes. It could possibly be 
assumed that the penetration rates and torque pressures for the first meters of the borehole 
show somewhat distorted values, as the normalization process might not be sufficient to 
remove the signs from the “start up” of the drilling process, and in reality be much lower.  As 
we don’t have data above the hanging wall except from drill parameters, we cannot now for 
sure where the drill bit intercepts the syenite, but it can be assumed that the marked rise in 
penetration rates at borehole depth 10 meters for borehole -53 indicate this boundary. 
5.2.2 Chainage A1442 
At borehole depth 10 to 15 meters in borehole -58 in Figure 4.10 the penetration rate 
decreases over to sections around 2 meters thick. The same interval shows an increase in 
torque pressures. A decrease in penetration rate and increase in torque pressure could 
indicate fracturing zone (Schunnesson 1998). However, from looking at the engineering 
geological map, it seems obvious that the marked fracture zones are intercepted earlier than 
borehole depth 10 meters. The two syenite dykes crossing the tunnel section at chainage 
A1420 to A1430 would predict to intercept the borehole at approximately 10 meters. In the 
hardness mapping generated by Tunnel Manager, a zone of harder rock is mapped at 
approximately 8 meters borehole depth. As the hardness parameter in Tunnel Manager is 
supposedly closely correlated to penetration rate, it can be assumed that the syenite dykes are 
the structures affecting the penetration rate in borehole -58 and the hardness parameter in 
Tunnel Manager at around 10 meters borehole depth. From looking at the position of 
borehole 46 (Figure 4.9) it is most likely that the same structure will affect the penetration 
rate and torque pressure at a larger borehole depth. Borehole 46 shows a decrease in 
penetration rate and increase in torque pressure at around 10 meters borehole depth. Haug et 
al. (2007) discovered that the igneous rocks in the core drillings showed higher rate of 
fracturing than the sedimentary rocks in the cores. A high grade of fracturing along with high 
UCS values would predict low penetration rates and high torque pressure values. This 
supports the assumptions above, and it seems plausible to assume that the two shifts in both 
penetration rate and torque pressure are responses from the syenite dykes. 
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At the very beginning of the boreholes a fracture zone is mapped. At low borehole depth, 
both torque pressures are fairly high, thus might reflect the fracturing zone. The fact that the 
interval of high torque pressures is seen later in borehole 46 than in borehole -58 strengthens 
the assumption. However, the mapped fracturing parameters from Tunnel Manager do not 
show any particular signs of high fracturing in this area.  
5.2.3 Chainage A1453 
Both torque pressure and penetration rate for borehole -17 (Figure 4.13) show fairly low 
variation along the borehole depth except from a section between 16 and 20 meters borehole 
depth, where the torque pressure decreases. A reduction in torque pressure could be seen in 
an area of harder rock along with a reduction in penetration rate. However it is unlikely that 
borehole -17 would cross the syenite dyke marked in the engineering geological mapping 
(Figure 4.12). At borehole depth of 18 meters the torque pressure is still low, but the 
penetration rate increases before it suddenly drops at 20 meters borehole depth. The rise in 
torque pressure at this borehole depth along with the negative peak in penetration rate may 
indicate that the drill bit has just reestablished rock contact after passing through a fracture. 
In the engineering geological mapping there is mapped a fracture zone in the area of 20 
meters borehole depth. However, from the earlier assumptions it seems like the position of 
chainage numbers in the engineering geological mapping does not coincide with the chainage 
numbers gathered from the drill monitoring data, and that it is response from the fracture 
zone we can see in the drill parameters at approximately 16 meters depth. Borehole  -14 has 
very high penetration rates at low borehole depth, but from Figure 4.12 it is hard to find 
evidence that supports the anomaly in penetration rate. As mentioned in section 5.2.1 this 
may be a weakness in the normalization process. The variations in penetration rate and 
torque pressure in interval 16 to 18 meters could possibly indicate a fracture zone, but again 
it is hard to find evidence that supports the assumptions from the engineering geological 
mapping. The hardness mapping from Tunnel Manager (Figure 4.14) does not correlate well 
to the engineering geological mapping, as it has calculated remarkably softer rocks on the left 
hand side of the chainage compared to the right side.  
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5.2.4 Chainage B1378 
The two boreholes in chainage B1378 show good correlation to each other (Figure 4.16). The 
middle parts around borehole depth of 10 meters show high values of torque pressure and 
low values of penetration rates. As the boreholes start in a syenite dyke, lower penetration 
rates are expected along with lower torque pressures. In general the penetration rates in the 
boreholes in chainage B1378 are at fairly low values compared to the other boreholes, with 
average value below 30 dm/min. This supports the theory of lower drilling rates for harder 
rock. The increased penetration rates from borehole depth approximately 10 meters may 
indicate the boundary between the syenite and the shale. However the penetration rates for 
the first 7 to 8 meters of the borehole give no indication that harder rock is being drilled 
compared to the last part of the borehole. The low torque pressures however seem to match 
well to the theory of hard rock and low torque pressures. Compared to the hardness mapping 
from Tunnel Manager (Figure 4.17) the drill parameters correlate well. The shift in rock 
hardness has been calculated to about 10 meters in both the hardness mapping and 
normalized borehole parameters. The mapping of fractures show an increase in fracturing 
after approximately 7 meters depth, which is at the same borehole depth where the torque 
pressures start to increase.  
5.2.5 Chainage B1476 
Boreholes -15 and 28 are drilled through shale in the entire section (Figure 4.18), and large 
variations in penetration rate would not be expected. However there are marked several 
fractures the first 10 meters of the boreholes, and a variation in torque pressure could be 
expected. The variation of penetration rate for hole -15 is low for the entire borehole except 
from two peaks around 20 meters borehole depth. The torque pressure shows similarities 
with the penetration rate, but the peaks at high borehole depth are negative. The fracturing 
mapping from Tunnel Manager (Figure 4.20) show high levels of fracturing at the end of the 
section, and supports the assumptions drawn from the drill borehole parameters. At very 
shallow borehole depth, the hardness mapping has calculated the rock in an area to be hard. 
If compared to the hardness mapping in Figure 4.17, where the boreholes run through 
syenite, the color scaling indicate that the area consist of even harder rock than syenite.  
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In penetration rate, borehole 28, there are 5 negative peaks with approximately 3,3 meters 
interval. These peaks are most probably markers from the drill rod shifts, and can also be 
seen as positive peaks in the torque pressure plot.  
5.2.6 Tested rock hardness vs penetration rate 
As predicted there is a clear difference between the penetration rate of syenite and the other 
two rock types. However, the nodular limestone show lower average penetration rate than the 
shale, all though the UCS for nodular limestone is higher (Table 4.4). The average data are 
based upon blast boreholes, and thus cannot be related to the penetration rates from injection 
holes. This is clearly visible in Figure 4.1 where we can see that the average penetration rate 
for injection boreholes is much lower than for blast boreholes. This is most likely a result of 
the lower feed thrust applied in injection boreholes to avoid drill rod deflection. As the 
geomechanical interpretation of drill parameters in this study are based upon injection holes, 
caution has been taking according to relating penetration rates from single boreholes towards 
rock hardness. It is however most likely that the relationship between UCS and penetration 
rate show the same relative difference for injection boreholes as blast boreholes.  
There may be some pollutants since the data are chosen from the engineering geological 
mapping, and borehole data are from blasting holes which represents the whole excavated 
rock structure, and not only the roof and wall sections. Also, the accuracy of the positioning 
of the chainages differ from borehole data and engineering geological mapping. And it can 
be assumed that the data calculated for averages might contain other rock types than planned. 
It would be both interesting and useful to investigate the average penetration rates for the 
other rock types discovered in the drill cores (Table 3.1), but at time of writing the amount of 
data available for other rock types than syenite, shale and limestone were limited. Especially 
penetration rate averages from the black shale, as it has the lowest UCS value of the tested 
rocks in the drill core, but only one section of approximately five meters thickness is mapped 
in the engineering geological mapping, and thus the extent of the rock type is to scarce to be 
predicted by the borehole data averages.     
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5.3 Remarks about collected drill monitoring data 
During the final stages of the thesis, it has been known that there had been problems in the 
data acquisition from drill rigs (Pers. com. Stenerud, J. may 2010). The drill rigs were 
changed due to problems with sensors and reliable data were first collected at around 
chainage number 1440 to 1540. It is assumed that the problems mostly affected the drill 
parameters through missing data and not affecting the drill parameters significantly.  
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6. Conclusions 
The main goals in this thesis were to see how well normalized drill parameters respond to 
changes in geology and how sensitive they are towards the normalization process along with 
the investigation of average penetration rates for different rock types.  
In this thesis it was shown that: 
• Wrong decisions could be taken if drilling data were to be analyzed without an initial 
normalization.  
• The localization of geological boundaries could be done through inspecting 
normalized torque pressure and penetration rates.  
• Rock types with different UCS values show different average non-normalized 
penetration rates.  
• The normalization process for borehole depth is affected by the selection of 
thresholds.  
• The normalization method presented seems to work fairly well, but show some 
weakness at shallow borehole depths.  
• The normalization method is sensitive to outliers, especially for torque dependent 
penetration rate and vice versa. 
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Appendix I: Engineering geological mapping 
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Appendix II: CD 
Contents: 
• Python program for calculated averages 
• Calculated averages of blast and injection holes 
• Calculated averages of selected rock types 
• Normalization process, spreadsheets 
• Normalized borehole data, spreadsheets 
